The impact of technological change on economic growth (1), industrial productivity, and international competition and trade has been widely recognized. There is a rapidly developing interest in such issues as the environment for advances in science (2) and technology (3) and the contribution and relationship of basic science to technology (4) . Recent debate has focused on the questions of whether and how to provide incentives to firms to 620 innovate and to spend greater amounts on research and development, and whether and how to reduce the barriers to innovation faced by firms (5). A wealth of hypotheses and case studies of the process through which technology is created, developed, and used by firms is available and should provide a useful perspective in dealing with these questions. The sources of more than 2000 case studies, the industries or innovations studied, and the sizes of the samples are summarized in Table 1 . A simple concept of the factors that limit and determine a firm's effectiveness in innovation and of the phases and relationships in the innovative process is presented below; this concept allows one to compare the findings from these diverse sources.
In this article, I present what we know-or think we know-about the process of innovation by firms. How do characteristics of the environment affect firms' innovation? What factors and information affect the creation and acceptance of ideas for new products? What factors are related to effective development efforts? What do we know about the acceptance of innovations in the market and about the creation of new firms based on tech--nology? Finally, past work in this field ogy. Barriers to flows of people and information between the firm and its environment will limit its knowledge of social and market needs, new and existing technology, and government programs, incentives, and regulations, thus limiting the potential for innovation as seen by the firm. Characteristics of the firm itself, including its resources, personnel, and patterns of communication and decision-making, will determine the degree to which it meets its perceived potential for innovation (6) .
Innovation, as distinct from an invention or technical prototype, refers to technology actually being used or applied for the first time. The process of innovation is viewed, for simplicity in making comparisons, as occurring in three phases: generation of an idea, problem-solving or development, and implernentation and diffusion. Generation of an idea involves synthesis of diverse (usually existing, as opposed to original) information, including information about a market or other need and possible technology to meet the nieed. Problem-solving includes setting specific technical goals and designing alternative solutions to meet them. Implementation consists of the manufacturing-engineering, tooling, and plant and market start-up required to bring an original solution or invention to its first use or market introduction. Diffusion takes place in the environment and begins after the innovation is introduced (7-9).
-Environmental Factors
Market factors appear to be the pri--mary influence on innovation. From 60 to 80 percent of important innovations in a large number of fields have been in response to market demands and needs. The remainder have originated in response to new scientific or technological advances and opportunities. These data are shown in Table 2 . 15 FEBRUARY 1974 There is a striking similarity between the findings of studies conducted in the United States and those conducted in the United Kingdom (10) (11) (12) .
Innovation also appears to be stimulated by expanding markets and by rising costs of inputs, with innovations aimed at reducing the use of more expensive inputs (13, 14) . Firms tend to innovate primarily in areas where there is a fairly clear, short-term potential for profit (15) . Many innovations of great commercial significance are of the relatively low-cost, incremental type, the result largely of continuous development efforts (7, 16, 17) .
In most industries, no single firm commands a majority of the resources available for research, nor can any one firm respond to more than a portion of the needs or problems requiring original solutions. It is not surprising, therefore, to find that most of the ideas successfully developed and implemented by any firm came from outside that firm. Of the 157 cases studied by Myers and Marquis (7) for which these data are available, 98 of the ideas were evoked by information from sources outside the firm. Mueller (18) Larger firms do not seem to develop a greater proportion of innovations, relative to their market share, than smaller firms (18, (22) (23) (24) . No consistent relationship between size of firm and number of innovations appeared in the Myers and Marquis (7) study except, perhaps, a stronger market orientation on the part of smaller firms. Mansfield (25) suggests that size of firm has little effect on innovation, at least when a fim is above some threshold size. Structural factors affect this relationship from industry to industry. Shimshoni (26) notes that those smaller firms which are successful innovators in the instrument industry rely largely on government contracts and orders early in their life cycle, later diversifying into commercial areas. In mature industries, such as textiles, machine tools, and construction, innovation is more likely to come from smaller, new firms than from older, large firms, as well as from firms in other industries (27) . This generalization also appears to be true of the petroleum refining industry (28) .
There is a substantial lag, 8 to 15 years, between the time technical information is generated and the time it is used in an innovation. The lag appears to vary with industry, product, market, and resources used. Enos (14) concludes that mechanical innovations have the shortest interval, with chemical and pharmaceutical innovation next, and electronic innovations taking the most time. In addition, he states that "the interval appears shorter when the inventor himself attempts to innovate than when he is content merely to reveal a general concept" (14, p. 309) . The lag appears to be shorter for innovations directed at consumer, as opposed to industrial, markets and for innovations developed by government, as opposed to those from industry (29) . Because of the small samples studied, the above findings are of questionable validity. Finally, the time required to develop and bring an idea to first use appears to be relatively constant, with the median between 1 and 7 years for various samples (29) (30) (31) (17), and the National Science Foundation (34) have undertaken studies of the contributions of basic and applied research to innovation. These studies have used widely differing criteria for selecting the innovations studied, for defining and analyzing time lags, and for choosing the time periods to be included, and are not, therefore, directly comparable. The TRACES study (34) suffers from having forced an overly rational pattern on the data obtained -assuming that information which appeared relevant in retrospect was actually a factor in the progress of a given innovation (35) . Both the TRACES and Hindsight (17) analyses note that applied research and development concerns often stimulated further basic study. This point is supported also by data reported in the Materials Advisory Board study (33) .
These data strongly suggest that the crucial role of basic research in industrial innovation lies in continual reinforcement and understanding of the implications of applied work.
Where data on the individuals involved in generating successful innovations are reported, the conclusion is that they are a well-educated group; however, all levels of education are represented. The median education of the founders of new firms, Roberts (36) reports, is the master's degree. This is also true for the originators of innovations reported by Utterback (31) and by Goldhar (37) . A;pproximately 40 percent of the respondents in each of these samples hold the Ph.D. degree. Personal contacts, education, and experience constitute by far the largest proportion of information sources used in originating ideas for innovations. The data from these studies suggest that education is the primary avenue through which basic scientific findings are translated into engineering practice.
Sources of Ideas
In most cases, ideas for innovations originate with communication about a need, followed by search for technical possibilities to meet the need (19, 38) . Informal and oral sources provide the majority of key communications about both needs and technical possibilities (7, 20, 38) . Communication about a need seems often to be initiated by someone other than the person who generated the idea for an innovation, while communication about a technical means is initiated most often by the innovator himself (19) .
Consultants, consulting activity, and information resulting from diversity in work assignments appear to play major roles in the generation of ideas for successful innovations. For example, outside experts played a crucial part in the generation of ideas for 16 of the 32 new instruments I studied (9). Peters (39) however, the difficulty and cost of achieving integration among functions will increase as specialization increases (47) . This increase is even more pronounced when a firm faces rapid, short-term fluctuations in its environment, perhaps as a result of government actions, and must resort to temporary expedients to achieve needed integration (48) . Inappropriate managerial responses, such as demand for a highly structured organization in a rapidly changing environment, or use of too few, poorly placed, excessively costly or excessively permanent integrating devices, will usually be associated with poor performance by the firm (47, 49) .
Organizational and spatial bonds might be expected to affect communication and integration among functions and between phases in the innovation process (50) . For example, transfers of technical personnel among divisions, other factors being equal, would be expected to result in a temporary increase in communication between the divisions. This increase would be particularly likely if the person transferred was a part of, or was linked to, the gatekeeper network in one or both organizations (51) . Retention of a liaison person or group as a project moves from idea-generation through problem-solving to implementation has been suggested as an effective strategy for integration (52) . Architecture exerts a significant impact on communication, with frequency of communication falling off very rapidly with increasing physical barriers and distance among people (44) .
These factors have been examined by Marquis (53) in an extensive study of the relationship between organizational structure and project success. Organization of technical personnel by function was found to be related to more effective technical performance, while organization of administrative personnel by project was related to more effective cost and schedule performance. Marquis concludes that a hybrid, or matrix, organization, in which there is a small project team but where more than half of the technical personnel remain in their functional departments, is the best option. This type of organization is more likely to meet needs for both specialization and integration in an uncertain environment than either a total project or a total functional organization; thus, this type of organization is more likely to achieve technical excellence and, at the same time, to meet cost and schedule con-624 straints. In more stable technical fields, the need for specialization would be less, and therefore the disadvantage in terms of impairment of technical performance of a total project organization would be reduced (45) .
Marquis (53) found that projects having some slack resources not only achieved better cost and schedule performance, virtually by definition, but also tended to have better technical outcomes than those without slack. This finding underscores the generally adverse relationship between time and cost, on the one hand, and technical quality, on the other. Achieving a given technical advance in a reduced period of time generally results in much higher costs. Some devices, such as PERT (Program Evaluation and Review Technique), designed to alleviate this problem have aided in improving communication among superiors and subordinates, but they have not necessarily resulted in fewer cost overruns or fewer delays. The cost of innovation will clearly be lower, and the chance of effective technical performance greater, if needless environmental uncertainties can be avoided or reduced, because the resources required for integration will be correspondingly less.
Diffusion of Innovations
Diffusion of innovations in the market is considered to be a two-step or multistep flow similar to the gatekeeper phenomenon described above (54) . In consumer markets, diffusion begins slowly, with a few influential individuals' use of the new product or process; their experiments initiate wider communication and use of the innovation (55). These propositions have been explored fully in cases where individuals or families are the purchasers; there is a much smaller body of research on adoption decisions by firms.
The probability that a given firm will adopt a product or process is thought to be an increasing function of the proportion of firms in the industry already using it and of the profitability of doing so, but a decreasing function of the size of the investment required (25) . The relative advantage afforded by an innovation seems to be the primary determinant of whether or not it is adopted in an industrial market. Relative advantage may be the result of a change Another factor involved in the adop-" tion decision is the degree of associated risk because of the absolute cost of an innovation, its cost relative to the firm's resources, and the ability and willingness of the firm to absorb the costs of a wrong decision (56) . Rising aspirations, based on increased sales, profitability, and market share, as well as expanding markets, may also encourage adoption. However, Gold (59) . Factors that may tend to retard diffusion include the degree to which an innovation is incompatible with existing processes and requires major process changes, the degree to which increased technical skills are required to use the innovation, and the probability that major improvements will rapidly alter the innovation, making delay in adoption advantageous (56, 57) .
No relationship was found between the size of a firm and its relative ability to innovate. Similarly, there is no evident relationship between firm size and speed of adoption of innovations. Larger firms appear to lead in some industries, while smaller and mediumsized firms lead in others. Nor does leadership in adoption appear to be concentrated in particular firms in the few industries for which data are available. Webster (56) Roberts (60) and Cooper (61 ) have studied such transfers and spin-offs in the Boston and Palo Alto areas, respectively. The economic and social impact of new 15 FEBRUARY 1974 ventures formed by technical entrepreneurs leaving established firms can be seen from data gathered on spin-offs from the MIT Lincoln Laboratory. One possibility is to use the strategy for growth or competition evident in a firm or an industry, such as sales maximization (automotive), cost minimization (transportation, communications), performance maximization (aircraft, chemicals), or control of materials resources (m,ining, petroleum), as a basis for drawing distinctions (67) . For example, in an industry that seeks to maximize sales, one would expect innovations that would be highly visible to consumers to be developed rapidly (68) . In a cost-minimizing situation, production, as opposed to product technology, would be a major source of uncertainty, while the reverse might be the case in a performance-maximizing situation. Greater uncertainty arising from technical sources would imply greater sophistication in effective firms' product planning approaches, while a more stable technology would imply greater sophistication in market research and market-oriented strategies for innovation, and so forth. Much *more work is needed along these lines if outcomes of interventions in the innovative process are *to be predicted with any accuracy.
Some implications for providing incentives and reducing barriers do seem clear from the work to date. Effective directions for federal action lie in strategies such as creating new markets through purchases or procurement policies; aggregating or focusing markets through regulation and other means; providing for market entry by contracts to smaller firms, venture capital, stronger patent protection, and so on; and providing for mobility and informal contacts within the technical community. Technology "push" strategies (such as tax 'incentives) to increase most research spending, prizes for new technology, and documentation and information retrieval systems would probably be less important in stimulating innovation.
Definitive answers will require the most difficult kind of research-experiments in the field. Since the interventions required are difficult and expensive in most cases, they will not be under the researcher's control. Nor will the effect of policy changes be visible over a short period. Thus it seems imperative to take advantage of interventions that occur fortuitously to construct "quasi-experiments" (69) 
